INTRODUCTION
Pulpal responses to and reparative dentin formation after direct pulp capping with adhesive resins have been investigated through numerous animal studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In terms of biocompatibility, several studies [1] [2] [3] [4] reported an absence of pulpal irritation when adhesive systems were applied to exposed pulp. In terms of reparative dentin formation, the rate at which dentin bridge was formed with an adhesive system that did not contain calcium hydroxide was lower than that which contained calcium hydroxide 9) . For this reason, our research focused on developing a new adhesive resin system for direct pulp capping which contained calcium phosphate to promote dentin bridge formation [10] [11] [12] . In our previous study 12) , the wound healing process of rat pulp was investigated by directly capping with experimental adhesives containing four types of calcium phosphate -namely, hydroxyapatite (OHap), brushite (DCPD), whitlockite (beta-TCP), or octacalcium phosphate (OCP). The outcome was that these calcium phosphatecontaining adhesive systems were effective in promoting dentin bridge formation 12) . By means of scanning electron microscopy (SEM), electron probe microanalysis (EPMA), and inductively coupled plasma atomic emission spectrometry (ICP-AES), Katoh et al. 13) examined the morphological shape, elemental distribution, and elution properties of Ca, P, and Mg in four types of calcium phosphate powdernamely, OHap, DCPD, beta-TCP, and OCP. Results revealed that calcium phosphate powder particles were dispersed in photopolymerized experimental bonding agents in the same manner as fillers in resin composites. In terms of elemental distribution, CaKα showed a relatively high concentration when compared to PKα.
On elution properties, differing elution patterns of calcium and phosphorous ions were observed for each calcium phosphate powder, but the concentration of magnesium ions was almost equal to the detection limit of ICP-AES. On the contribution of calcium phosphate powder toward reparative dentin bridge formation, it was enumerated in that research as such: direct contact of calcium phosphate powder with exposed pulp promoted calcification; calcium and phosphorous ions eluted from the powder located in the vicinity of the exposed pulp played an integral role in healing via dentin bridge formation and caused environmental pH change on the surface of exposed pulp 13) . Despite being a laudable promoter of dentin bridge formation, there existed a concern that the inclusion of calcium phosphate powder in adhesives might lead to reduced bond strength with the tooth structure. To address this concern, we examined the microtensile bond strength (MTBS) of the experimental, calcium phosphate-containing, direct pulp capping adhesive systems to human dentin 14) . Results revealed that the addition of calcium phosphate to experimental adhesives did not adversely affect the MTBS to dentin 14) . Another candidate that seemed to be a promising promoter of reparative dentin formation is dentin matrix protein 1 (DMP1), an acidic phosphoprotein initially detected in dentin and later in other mineralized tissues including cementum and bone. According to He et al. 15, 16) , DMP1 initiated hydroxyapatite formation in vitro -by functioning as a nucleator-in a multi-step process that began with DMP1 binding to calcium ions and initiating mineral deposition.
Through the analysis of the peptide arrangement of DMP1, it was predicted that ESQES peptide (pA) and QESQSEQDS peptide (pB) played a role in hydroxyapatite formation. It was also revealed that macromolecules like DMP1 present in the organic matrix could undergo conformational change and form a pre-organized template, and that the initiation of apatite nucleation was highly dependent upon the formation of a pre-organized template and molecular recognition functions 17) . Using a culture medium of MC3T3-E1 osteoblast cells, Matsuzaki et al. 18) found that the combined effect of a mixture of pA and pB peptides with calcium chloride (CaCl2) accelerated remineralization. This implied that dentin bridge formation could be accelerated when a compound of pA and pB (pA/pB) were applied to the exposed pulp with calcium ions. On this premise, Katoh et al. 19) , in collaboration with Kuraray Medical Inc., developed an experimental adhesive system containing CaCl2, pA/pB, and hydroxyapatite for direct pulp capping. When the experimental adhesive systems were applied to exposed rat pulp, results showed that the addition of both CaCl2 and pA/pB to the self-etching primers and hydroxyapatite to the bonding agent were fairly effective in promoting dentin bridge formation. However, while addition of pA/pB and calcium phosphate to the experimental adhesive system for direct pulp capping did not reduce MTBS to dentin, the addition of CaCl2 to the primer remarkably affected the dentin bond strength of the experimental adhesive system 20) . Apart from this setback, another drawback of this experimental adhesive system is that it is not cost-effective for clinical use owing to the prohibitive cost associated with producing large quantities of pA/ pB.
To circumvent the dual problems of reduced MTBS and high cost, Taira et al. 21) prepared experimental adhesive systems which contained CaCl2 and pA/pB compound in low concentrations in their respective primers. The wound healing process of exposed rat pulp applied with these experimental adhesive systems indicated a high possibility of a direct relationship between the rate of reparative dentin bridge formation and the concentrations of dentin-promoting agents contained in the experimental primers: the higher the concentration of CaCl2, the higher the rate of reparative dentin formation.
Apart from their influence on reparative dentin formation, it is also necessary to examine the effects of the concentrations of pA/pB and CaCl2 in each primer on dentin bond strength. The purpose of this study, therefore, was to examine the effects of different concentrations of CaCl2 and pA/pB in their respective self-etching primers on the dentin bond strength of the experimental adhesive system. The null hypothesis of this study was that the addition of different concentrations of CaCl2 and pA/pB to the self-etching primers would not affect the bond strength of resin composites to human dentin.
MATERIALS AND METHODS

Tooth specimens
Extracted human molars (total: 40) were used after informed consent was obtained from the patients under a protocol approved by the Ethics Committee of The Nippon Dental University School of Life Dentistry at Niigata (approval number: 125). They were cleaned and stored in 0.1% thymol solution at 4°C immediately after extraction, and subjected to microtensile bond strength testing within 3 months.
The occlusal surfaces of extracted human molars were ground flat to dentin with 120-grit silicon carbide paper (CarbiMet, Buehler Ltd., Lake Bluff, IL, USA) and finished with 600-grit paper using a polishing machine (Lewel Specimen Polisher, Kasai Co. Ltd., Yokohama, Japan) under water irrigation. They were then randomly divided into eight groups of five specimens each.
Materials used
The materials used in this study are presented in Table  1 . Synthetic peptides (pA and pB) derived from DMP1 were developed in collaboration with the Faculty of Agriculture and Technology at Tokyo University and Kuraray Medical Incorporation. The base materials were Clearfil SE Bond/Primer (SEP; Kuraray Medical Inc., Tokyo, Japan) for the self-etching primer and Clearfil SE Bond/Bond (SEB; Kuraray Medical Inc., Tokyo, Japan) for the bonding agent.
Two experimental self-etching primers were prepared in this study: Primer-I and Primer-II. Primer-I was SEP-based primer containing 1, 5, or 10 wt% CaCl2; Primer-II was also a SEP-based primer but contained 0.1, 1, 5, or 10 wt% of a compound with equal number of moles of pA and pB. The experimental bonding agent was a SEB-based resin containing 10 wt% hydroxyapatite.
Experimental and control groups
A total of 40 specimens were divided into six experimental groups and two control groups. The concentrations (wt%) of CaCl2 in Primer-I and pA/pB in Primer-II used in each group are shown in Table 2 . For negative control, Primer-I contained 10 wt% CaCl2 and Primer-II contained 10 wt% pA/pB.
In all the groups except the positive control group, Primer-I was applied first followed by Primer-II. After photopolymerization of each experimental primer, the experimental bonding agent was applied and then photopolymerized in all the experimental groups. For the positive control group, Clearfil SE Bond adhesive system was applied according to the manufacturer's instructions.
Bonding procedure 1. Irrigation and hemostasis
To define the bonding area, a double-sided adhesive tape (0.12 mm thickness) with a 6.0-mm-diameter opening was attached to the flat dentin surface. After the adhesive backing was peeled off, a transparent acrylic tube (6.0 mm diameter, 3.0 mm height) was placed on the adhesive tape.
To simulate the hemostasis procedure before direct pulp capping, the dentin surface was treated with 10% sodium hypochlorite (NaClO) gel (AD Gel, Kuraray Medical Inc., Tokyo, Japan) for 1 minute, and then three consecutive alternate irrigations using 3% hydrogen peroxide (H2O2; Oxydol, Yoshida Pharmaceutical Co., Tokyo, Japan) and 6% NaClO (Purelox, Oyalox Co., Tokyo, Japan) were carried out. The dentin surface was then rinsed twice with physiological saline solution (Physisalz PL-D, Fuso Pharmaceutical Industries Ltd., Osaka, Japan) and gently air-dried. 2. Application procedure of experimental primers and bonding agent Except for the positive control group whereby neither Primer-I nor Primer-II was used, one coat of Primer-I was first applied to the dentin surfaces in all the experimental and negative control groups. The surface was left undisturbed for 20 seconds, followed by 5 seconds of intensive air-blowing. Table 2 Experimental and control groups in the present study was then applied and dried in the same way. After applying two coats of primers, the surface was photopolymerized using a light curing unit (Candelux, J Morita Co., Tokyo, Japan) with a high light intensity of 600 mW/cm 2 for 10 seconds. After primer photopolymerization, the SEB-based experimental bonding agent containing 10 wt% hydroxyapatite was applied to the dentin surfaces of all the eight experimental and control groups. After gentle air-blowing, photopolymerization was similarly carried out with 600 mW/cm 2 of light intensity for 10 seconds. 3. Resin composite placement A flowable resin composite paste (Clearfil Flow FX, shade A3, Kuraray Medical Inc., Tokyo, Japan) of approximately 1.0 mm thickness was inserted into the acrylic tube. Photopolymerization was carried out using a two-step irradiation mode of the light curing unit: 200 mW/cm 2 of light intensity for 10 seconds followed by 600 mW/cm 2 of light intensity for 10 seconds.
After placing and light-curing the flowable resin composite paste, a 2-mm increment of the resin composite paste (Clearfil AP-X, shade A3, Kuraray Medical Inc., Tokyo, Japan) was further added until the acrylic tube was excessively filled. The flat tip surface of the light curing unit was then pressed against the surface of the final resin composite increment through a clear plastic sheet to obtain a flat surface. Similarly, photopolymerization of the resin composite paste was carried out using the two-step irradiation mode of the light curing unit: 200 mW/cm 2 of light intensity for 10 seconds and thereafter 600 mW/cm 2 of light intensity for 30 seconds. After light-curing, the translucent acrylic tube was removed and all specimens were stored in distilled water at 37°C for 24 hours.
Microtensile bond strength test
After storage, the roots were removed using a diamond point (Bur No. 105R, ISO size 22, Shofu Inc., Kyoto, Japan), and likewise the coronal pulp tissue. Each specimen was then longitudinally and serially sectioned into 1-mm-thick slabs using a low-speed diamond saw (Isomet, Buehler Ltd., Lake Bluff, IL, USA) under irrigation.
Two slabs were obtained from each specimen, and each slab was further sectioned using the low-speed diamond saw into beams with a crosssectional area of approximately 1 mm 2 . Two beams were obtained from each slab, making it a total of four beams from each specimen. With five specimens per group, a total of 20 beams were hence obtained from each group and used for microtensile bond strength testing.
Each beam sample was attached to a testing device (Bencor Multi-T, Danville Engineering Co., San Ramon, CA, USA) with a cyanoacrylate adhesive (Model Repair Pink, Dentsply-Sankin, Tochigi, Japan). The whole assembly was placed on a tabletop material tester (EZ Test, Shimadzu Co., Kyoto, Japan) and subjected to microtensile testing at a crosshead speed of 0.5 mm/ min.
Obtained MTBS data of experimental groups 1 to 6 were statistically analyzed using two-way ANOVA with the concentration of CaCl2 in Primer-I and that of pA/pB in Primer-II as independent factors at a 95% confidence level. On the other hand, to compare the MTBS values among the eight groups including the two control groups, all MTBS data were statistically analyzed using one-way ANOVA followed by the Bonferroni-Dunn post hoc test at a significance level of 0.05. All statistical analyses were carried out using a statistical analysis software (SPSS for Windows ver 14.0, SPSS Japan Inc., Tokyo, Japan).
Failure mode analysis
Fractured surfaces of the specimens were examined using a stereomicroscope (Leica EZ4D, Leica Microsystems Ltd., Heerbrugg, Switzerland) at ×35 magnification, and the fracture modes thus determined. Failure modes were classified as follows: (a) Adhesive -failure occurred entirely within the adhesive area; (b) Cohesive in resin composite -failure occurred exclusively within the resin composite area; (c) Cohesive in dentin -failure occurred exclusively within the dentin area; and (d) Mixed -failure continued from the adhesive into either the resin composite or dentin area.
Failure mode analysis results were statistically analyzed using the Kruskal-Wallis H test to compare the failure modes among the eight groups at a significance level of 0.05, followed by the MannWhitney U test for differences between each experimental group and the positive control group at the same significance level of 0.05. All statistical analyses were carried out using a statistical analysis software (SPSS for Windows 14.0, SPSS Japan Inc., Tokyo, Japan).
Several representative samples were selected from each group for precise analysis of the fractured surfaces with a scanning electron microscope (SEM; S-800, Hitachi Ltd., Tokyo, Japan) at an accelerating voltage of 15 kV after being sputter-coated with palladium and platinum. Table 3 presents the MTBS results after one-way ANOVA followed by the Bonferroni-Dunn post hoc test. Statistical analysis results of the failure modes are also presented in this table.
RESULTS
Microtensile bond strength
Maximum MTBS was achieved by Group 2 at 57.8 MPa, while the minimum MTBS was by the negative control group at 15.4 MPa. Two-way ANOVA revealed that there were significant differences in MTBS among the CaCl2 concentrations in Primer-I (F=50.5, p<0.001) and pA/pB concentrations in Primer-II (F=15.6, p<0.001), and that there was a significant interaction between the concentration of CaCl2 in Primer-I and that of pA/pB in Primer-II (F=4.6, p=0.011).
One-way ANOVA revealed that there were significant differences in MTBS among all the groups including the controls (F=51.6, p<0.001). The mean MTBS values of Groups 3, 4, 6 and the negative control were significantly lower than that of the positive control (p<0.008). However, the MTBS values of Group 1 and 2 were not significantly different from that of the positive control (p>0.05). There were no significant differences in MTBS among Groups 3, 4, 5, and 6 (p>0.05), but the MTBS value of the negative control was significantly lower than the others (p<0.001).
Failure patterns
Failure mode analysis results revealed that adhesive failure was the predominant failure mode in all the groups. Notably, adhesive failure accounted for more than 95% of the failure pattern in Groups 2, 3, 4, 6 and the negative control group. In Group 1, 5 and the positive control group, the occurrence ratio of adhesive failure was lower than the other groups. Further in Groups 1 and 5, three to four specimens exhibited cohesive failure in dentin.
The Kruskal-Wallis H test revealed that there were significant differences in failure mode among the eight groups (p<0.001). Based on statistical comparison between the experimental groups and the positive control group using Mann-Whitney U test, significant differences in failure mode were detected between Group 6 and the positive control (p=0.035), and between Groups 2, 3, 4 and the positive control (p=0.009). On the other hand, there were no significant differences in failure mode between Groups 1, 5 and the positive control (p>0.05).
Representative SEM photographs of the debonded surfaces for each group are presented in Fig. 1 . Based on failure mode analysis results by stereomicroscopy, all specimens presented in Fig. 1 would be evaluated as exhibiting adhesive failure. However, interesting and variant details were seen in the SEM photographs in Fig. 1 . In Groups 1 to 6, failure occurred within the bonding resin layer. In Figs. 1(a) to (f), round-shaped fillers and voids were seen on the debonded surfaces at both dentin and resin composite sites. On the other hand, the negative control and positive control groups demonstrated that failure occurred between the bonding resin and the dentin surface. In Figs. 1(g) and (h), many open dentinal tubules were seen on the debonded surfaces at the dentin site and short resin tags at the resin composite site.
DISCUSSION
For Groups 3, 4, 6 and the negative control group, the addition of CaCl2 or pA/pB to the respective self-etching primer was 5 wt% or more. Consequently, their mean MTBS values were significantly lower than the positive control group. Notably, Primer-I of the negative control group contained 10 wt% CaCl2 and Primer-II contained 10 wt% pA/pB. Consequently, its mean MTBS value was significantly lower than the other groups. As for Groups 1 and 2, the addition of CaCl2 or pA/pB to the respective primer was 1 wt% or less. Consequently, their mean MTBS values were almost equal to that of the positive control group. In summary, an addition of 5 wt% CaCl2 or pA/pB to each primer reduced the bond strength of the experimental adhesive system to dentin; conversely, an addition of 1 wt% CaCl2 or pA/pB to each primer did not adversely affect the bond strength of the experimental adhesive system to dentin.
In addition to the above MTBS data obtained in this study, statistical analysis using two-way ANOVA revealed significant differences in MTBS among the different concentrations of CaCl2 in Primer-I and among the different concentrations of pA/pB in Primer-II, and that there was a significant interaction between these two factors. Therefore, it was clear that the bond strength of the experimental adhesive system depended on the concentrations of the additives contained in the primers. On this ground, the null hypothesis of this study was rejected.
Effect of CaCl2 addition on dentin bond strength
In this study, the SEP self-etching primer -which contained 10-methacryloyloxydecyl dihydrogen phosphate (10-MDP)-was used as a base material of the experimental primers. It was not determined in this study whether a calcium phosphate compound was produced as a result of the reaction between 10-MDP Table 3 Microtensile bond strength and failure mode results of experimental and control groups and CaCl2 when Primer-I was prepared by mixing SEP liquid with powdered CaCl2. Moreover, with a lower amount of SEP used in the experimental primer preparation, it was probable that the effect of 10-MDP as a useful adhesive monomer became reduced too. Due to a lack of chemical interaction between the functional monomer 10-MDP in the experimental primer and hydroxyapatite in dentin, dentin bond strength became significantly reduced when 5 wt% or more CaCl2 was added to the primer. Another factor that purportedly affects dentin bond strength when self-etching systems are used is the thickness of smear layers. It has been pointed out that thick smear layers might affect the ability of selfetching primers to penetrate beyond the smear layer into the underlying intact dentin, since early neutralization of the adhesive by dentin buffering components present in the smear layer might prevent superficial demineralization of the dentin 22, 23) . It was initially thought that the addition of CaCl2 might hamper the ability of Primer-I to dissolve the smear layer because CaCl2 might increase the pH level of Primer-I. Contrary to the initial conjecture, the pH level of Primer-I was decreased by the addition of CaCl2, meaning that the addition of CaCl2 did not adversely affect the ability of Primer-I to dissolve the smear layer.
This also meant that smear layer thickness might not wield a significant influence on dentin bond strength, as it was thus claimed in some reports 22, 23) . Indeed, consensus is yet to be reached on the effect of smear layer thickness on the dentin bond strength of self-etching systems [24] [25] [26] [27] [28] . On one hand, some studies [24] [25] [26] have reported low dentin bond strength by self-etching systems with thick smear layers, while other studies 27, 28) reported that smear layer thickness exerted no influence on the dentin bond strength of self-etching systems. Putting together the published findings [24] [25] [26] [27] [28] and the findings of the present study, it was thus proposed that low dentin bond strength could be attributed to limited diffusion of adhesive monomers into the superficial dentin beneath the smear layer. Limited monomer diffusion into the dentinal tubules was then due to limited demineralization of the underlying dentin, whereby the latter was caused by salt effect resulting from excess Ca ions supplied by CaCl2, eventually leading to decreased bond strength. Indeed, the dentin bond strengths of all the experimental groups in which 5 wt% or more CaCl2 was added to the primer were lower than that of the positive control group containing no CaCl2.
Effect of pA/pB addition on dentin bond strength On the effect of pA/pB on dentin bond strength, our previous study 20) showed that the dentin bond strength of the experimental adhesive system was not adversely affected by the addition of pA/pB to the self-etching primer. It was thus speculated that pA/pB might have the ability of establishing chemical bonding with superficial dentin matrix, because DMP1 is an acidic protein that binds to calcium ions and initiates mineral deposition. Further on bonding efficacy to dentin, this study showed that the addition of 10 wt% hydroxyapatite to the bonding agent did not significantly reduce the MTBS of the experimental adhesive system to dentin, a finding consistent with that of our previous study 14) .
Effect of sodium hypochlorite treatment on dentin bond strength In this study, the dentin surfaces were treated with 10% NaClO gel followed by three consecutive alternate irrigations using 3% H2O2 and 6% NaClO before the application of respective experimental adhesives. This dentin surface treatment simulated the hemostasis procedure to control pulpal hemorrhage of the exposed pulp before direct pulp capping. Some researchers have reported that when NaClO was applied to the smear layer-covered dentin, the mineral to matrix ratio at the dentin surface increased and the smear layer was thinned due to dissolution of the organic phase 29, 30) . However, some studies have reported that NaClO treatment significantly reduced the bond strength to dentin because remnants of superoxide radicals generated by NaClO on the dentin surface interfered with and inhibited the polymerization of resin monomers [31] [32] [33] . In the present study, the MTBS values of Groups 1 and 2 -in which 10% NaClO was applied on the dentin surface-were almost equal to that of the positive control group in which NaClO was not applied. The results hereby obtained thus confirmed that dentin surface pretreatment with 10% NaClO did not affect the dentin bond strength of the experimental adhesive system, a finding consistent with that of our previous study 14) .
Effects of CaCl2 and pA/pB on failure pattern
Failure mode analysis results revealed that adhesive failure was the predominant failure mode in all the experimental and control groups. When observed by SEM under high magnification, interesting and variant details were observed on the debonded surfaces of the adhesive failure specimens: namely, cohesive failure in the adhesive layer versus interfacial failure between the dentin surface and the adhesive layer. For specimens which exhibited high bond strength, failure frequently occurred within the bonding resin layer. This type of failure seemed to be caused by the inadequate mechanical properties of the adhesive layer, which were most probably compromised due to the inclusion of various dentin promoting agents such as CaCl2, pA/pB, and hydroxyapatite.
For specimens which exhibited low bond strength, failure frequently occurred between the bonding resin and the dentin surface, as speculated from the SEM photograph in Fig. 1(g) whereby the bonding resin layer did not remain on the debonded surface of the dentin site and short resin tags remained at the resin composite site. This type of failure was most probably caused by insufficient monomer diffusion into the dentin surface.
Effects of CaCl2 and pA/pB on reparative dentin bridge formation For direct pulp capping in this study, two types of experimental primers were prepared: Primer-I contained CaCl2 and Primer-II contained pA/pB. Experimental adhesive systems including these selfsame primers were evaluated in previous studies 19, 21) pertaining to their effect on the wound healing process of exposed rat pulp. The rationale of incorporating these additives was an anticipation of accelerated dentin bridge formation because of the hard tissueinducing effect of pA/pB riding on the abundant calcium ions previously supplied by CaCl2 during the first coat of Primer-I application. As to why separate primers were prepared to contain CaCl2 and pA/pB versus a single-bottle primer, it was due to our concern of an immediate reaction between CaCl2 and pA/pB which might occur following the simultaneous addition of both CaCl2 and pA/pB into a single bottle. This immediate reaction between CaCl2 and pA/pB would consequently hamper their reparative dentin formation function.
